Abstract. In doped polyaniline (PANI), the charge transport properties are determined by mesoscopic morphology, which in turn is controlled by the molecular recognition interactions among polymer chain, dopant and solvent. Molecular recognition plays a significant role in chain conformation and charge delocalization. The resistivity of PANI doped by camphor sulfonic acid (CSA)/2-acrylo-amido-1-propane sulfonic acid (AMPSA)/dodecyl benzene sulfonic acid (DBSA) is around 0.02 Ω cm. PANI-CSA and PANI-AMPSA show a metallic positive temperature coefficient of resistivity above 150 K, with a finite value of conductivity at 1.4 K; whereas, PANI-DBSA shows hopping transport at low temperatures. The magnetoresistance is positive (negative) for PANI-CSA (PANI-AMPSA); and PANI-DBSA has a large positive MR. The behavior of MR suggests subtle variations in mesoscopic morphology between PANI-CSA and PANI-AMPSA.
Introduction
In the last decade the semiconducting and metallic properties of organic π-electron systems have drawn considerable attention both from fundamental and applications point of view [1] . Among various types of π-electron systems, the electrical and optical properties of conjugated polymers have shown wide range of exciting features, leading towards applications like light emitting diodes, photodiodes, electronic circuits, lasers, sensors, solar cells, etc. After the discovery of metallic polyacetylene in 1977 [2] , various π-conjugated systems like polypyrrole, polythiophene, polyaniline, poly(para)phenylene-vinylene, etc., have been prepared, and its physical properties have been investigated [1] . Since polymeric materials are inherently partially crystalline and partially amorphous, the structure and morphology play significant roles in the electronic properties. Moreover, the size of ordered/disordered regions in conjugated macromolecular [(-C=C-C=C-C=C-) n ] systems can vary from nanoscopic to macroscopic levels, which to a large extent is dependent upon the sample preparation and processing conditions. This complex relationship between structure/morphology and electronic properties has made the understanding of charge transport properties in conducting polymers quite difficult with respect to conventional systems. Moreover, the disorder-induced localization plays a significant role in the metal-insulator (M-I) transition in doped conducting polymers. This scenario is quite well demonstrated in the case of the charge transport properties in doped polyaniline (PANI). The physical properties of PANI have been investigated in the last decade [3] . PANI is a semi-rigid intractable polymer that can be easily obtained by chemical polymerization of aniline. The insulating form of PANI is called emeraldine base, as shown in figure 1a; and upon doping by protonation with acids (H · A ), it is possible to obtain the conductive form of PANI called emeraldine salt, as in figure 1b.
PANI is a semiconductor with a band gap around 2.6 eV, and its band structure is shown in figure 2 . The mid-gap polaronic states make it rather different from conventional inorganic semiconductors. Upon doping, the mid-gap level broadens and merges with conduction/valance bands, and this induces the transition from insulator to metal [4, 5] .
Undoped PANI is sparingly soluble in solvents like N-methyl pyrrolidone, and in the doped state the charged chains become quite stiff. As a result it is rather insoluble in common solvents [6] . However, Cao et al [7] made PANI soluble by using a dopant having a surfactant counterion, and this route provided a conductive solution of PANI. This surfactant counterion induced processibility of PANI has helped to obtain high quality free standing films of PANI. Moreover, this has increased the conductivity of doped PANI from 10 S/cm to 10 3 S/cm [7, 8] , and for the first time the intrinsic metallic properties of PANI could be observed [4, 5] . At the same time, it was realized that various combinations of surfactant counterions and solvents could significantly alter the polymer chain conformation via the molecular recognition interactions, and this can drastically modify the electronic properties of PANI [9] . Moroever, the improved solution route processibility of PANI has enabled to fabricate it in thin films, free standing films, fibres, etc., for various applications in electronic devices, electromagnetic shielding, anti-corrosive coating, artificial muscles [1] , etc.
Molecular recognition and mesoscopic morphology
It is well-known that macromolecular systems are quite complex, since the polymer chains run in all possible directions, get coiled-up, converge-in and diverge-out at various regions. Nevertheless, the charged polyconjugated chains are relatively stiff and the π-π interactions can easily give rise to fairly large ordered domains in the system. Hence, with respect to conventional polymeric systems, it is possible to have substantial crystalline order in polyconjugated systems. However, the extended or coiled conformation of polymer chains depends to a large extent on the structure and processing of the polymer.
In solution processed PANI, the interactions among polymer chains, surfactant counterion and solvent determine the chain conformation and morphology of the films. Usually the charged polymer chains are polar in nature, and the polarity of counterion and solvent play crucial roles in the chain conformation. Moreover, the steric and functional group interactions contribute to the conformation of chains. In the case of less polar solvents the PANI chain tends to coil up; whereas, in the presence of highly polar solvents the polymer chain forms extended conformation [9, 10] . Also, polar counterion enhances the extended chain conformation. For e.g., in the presence of a combination of camphor sulfonic acid (CSA, see figure 1c) or 2-acrylo-amido-1-propane sulfonic acid (AMPSA, see figure 1d) in meta-cresol or dichloroacetic acid, the PANI chains tend to form the extended chain conformation [7] [8] [9] [10] whereas, the combination of dodecyl benzene sulfonic acid (DBSA, see figure 1e ) and xylene or chloroform makes the PANI chains coiled up. This has been confirmed from previous structural studies [11] .
This type of molecular level selective interaction is usually called molecular recognition [12] . In a typical molecular recognition process, the interacting entity has a certain amount of molecular information, and the degree of interaction between the entities is determined by the degree of exchange of molecular information that gives rise to the formation of a supramolecular assembly. The phenomenon of molecular recognition is well-known in several biological systems, as a typical case in which a molecular complex is linked by sterically fitting hydrogen bonds (for example, when uracil and 2,6-diacylamino-pyridine [13] is modified by nonmesogenic alkyl groups) to form a self-organized supramolecular assembly. Similarly, it is known that in polyalkylthiophenes, the alkyl side-group interactions induce an ordering of the polymer chain backbone [14] .
This type of molecular recognition phenomena determines the morphology of films in surfactant counterion processed PANI. The coiled chain conformation facilitates chain entanglements, and the entanglements of a large number of chains give rise to mesoscopic size granular morphology. As a result the films tend to be more amorphous in nature whereas the extended chain conformation is more favorable for the growth of well-ordered mesoscopic size domains, and this increases the volume fraction of crystalline regions [15] .
In disordered quasi-one-dimensional systems like conducting polymers the charge transport is mainly determined by the morphology of the system [16] . The bulk charge transport involves both intra-and inter-chain contributions. The defects in polymer chain and weak interchain transfer integral can easily lead to localization of charge carriers with respect to that in the three-dimensional electronic systems. In amorphous films a large number of electronic states are localized, and the interchain transport is mainly via the thermallyassisted hopping of carriers from chain to chain [17] whereas, in films having extended chain morphology, the delocalized electronic states favor coherent interchain diffusion of carriers. As a typical example, the uncoiling and extension of coiled PANI chains by exposing it to polar solvent vapors could transform some of the localized polaronic carriers to free carriers [10] . This demonstrates that subtle level molecular recognition interactions control the mesoscopic scale morphology and that in turn determines the charge transport properties in conducting polymers.
Free standing films of doped PANI samples (thickness 30 microns) are prepared by solution casting, drying and peeling off from silicon-wafer substrates. PANI-CSA and PANI-DBSA are prepared from meta-cresol, and PANI-AMPSA is from dichloroacetic acid solution. Four wires are attached to the samples by carbon paint for transport property measurements.
Resistivity and magnetoresistance in doped PANI
A comparison of the temperature dependence of resistivity and magnetoresistance (MR) of PANI doped by CSA, AMPSA and DBSA has been made in this paper. The room temperature resistivity values of all the three doped PANI samples are around 0.02 Ω cm. The resistivity ratios (ρ r ρ (1.4 K)/ρ (300 K)) of PANI-CSA, PANI-AMPSA and PANI-DBSA are 3, 2.1 and 173, respectively. The temperature dependence of resistivity of doped PANI samples is shown in figure 3 . Both PANI-CSA and PANI-AMPSA show metallic positive temperature coefficient of resistivity (TCR) down to 140 and 120 K, respectively.
Although the room temperature resistivities of all the three doped PANI samples are nearly identical, their temperature dependence is rather different. Firstly, the positive TCR in disordered PANI-CSA and PANI-AMPSA samples is quite surprising, since these systems are at the Mott minimum metallic conductivity ( 50 S/cm) [16, 17] , whereas, PANI-DBSA shows nearly temperature independent resistivity down to 10 K, and then it abruptly increases at lower temperatures. Secondly, PANI-CSA and PANI-DBSA have a finite conductivity ( 25 S/cm) at 1.4 K, and PANI-DBSA goes to the insulating state below 10 K.
The data analysis indicates that PANI-CSA and PANI-DBSA are at the critical regime of disorder-induced M-I transition, and PANI-DBSA shows the typical Mott's variable range hopping transport [18] . This suggests that subtle variations in the size and volume fraction of ordered mesoscopic domains can drastically affect the charge transport through the delocalized electronic states, since it is known that the mean free path in disordered quasi-one-dimensional systems is quite sensitive to the interchain transfer integral [19] . In this context, the important role played by molecular recognition in controlling the mesoscopic scale morphology is quite evident, and that in turn determines the charge transport properties in conducting polymers.
The transverse magnetoresistance (MR) of doped PANI samples at 1.4 K is shown in figure 4 . Although the room temperature resistivity and TCR of both PANI-CSA and PANI-AMPSA are nearly identical, the behavior of MR is quite different. In PANI-CSA, a positive MR (nearly 18% at 1.4 K and 6 T) was observed, whereas in PANI-AMPSA, the MR is negative (nearly 4% at 1.4 K and 6 T), as shown in figure 4 . The positive MR in PANI-CSA is rather similar to that observed in highly disordered systems near the M-I transition [20] . Although the extent of disorder is expected to be similar in PANI-AMPSA to that in PANI-CSA (inferred from the TCR), the negative MR is quite identical to that observed in less disordered metallic systems due to the weak localization correction to conductivity [20, 21] . Since, MR probes the local charge carrier dynamics, it gives insight into the microscopic transport property parameters (e.g. scattering lengths, relaxation time, etc.). In order to observe the negative MR in PANI-AMPSA, the charge delocalization in mesoscopic metallic domains of PANI-AMPSA should be better with respect to that in PANI-CSA. Hence, the MR data indicate an important role of AMPSA counterion in ordering the PANI chains via the molecular recognition process, and that leads to the delocalization of charge carriers. Although the temperature dependence of resistivity could not make out this difference between PANI-CSA and PANI-AMPSA, the MR data was quite useful in identifying the subtle morphological variations among them. The large positive MR (nearly 150% at 1.4 K and 6 T) in PANI-DBSA is typical to that expected in case of variable range hopping transport, since the overlap of wave functions shrinks in the presence of a magnetic field and as a result the hopping of carriers from one localized state to another decreases [17] .
Summary
The preliminary results on the role of molecular recognition in controlling the mesoscopic scale morphology and charge transport properties in doped PANI suggest that the electronic properties in complex systems like conducting polymers is quite sensitive to the structural/morphological features. Though the room temperature resistivity of all the three doped PANI samples are nearly identical, their TCR and MR are quite different. PANI-CSA and PANI-AMPSA are just on the metallic side of the M-I transition, and PANI-DBSA is on the insulating side. The sign of MR is positive and negative in PANI-CSA and PANI-AMPSA, respectively. This indicates that the ordered mesoscopic regions in PANI-AMPSA are more metallic with respect to that in PANI-CSA. Nevertheless, further studies are essential to fully understand the intriguing correlation between structural/morphological features and charge transport properties.
